The aim of the study was to clarify the clinical significance of single-photon emission computed tomography/computed tomography (SPECT/CT) imaging in terms of technetium-99m galactosyl human serum albumin ( 99m Tc-GSA) scintigraphy. To this end, we examined the relationship using data from surgical records of 67 patients with hepatocellular carcinoma who underwent hepatectomy.
Tc-GSA) scintigraphy. To this end, we examined the relationship using data from surgical records of 67 patients with hepatocellular carcinoma who underwent hepatectomy.
Materials and methods
Liver functional parameters or functional volume was estimated by 99m Tc-GSA scintigraphy and computed tomography volumetry was used to estimate morphological volume.
Results
Liver uptake ratio at 15 min (LHL15) was correlated with the indocyanine green retention rate at 15 min (ICGR15; R=−0.608, P<0.01); however, five patients (7.5%) had values outside this correlation.
In these patients, LHL15 reflected clinical status and patient outcomes more. Although morphological and functional volumes were well correlated (P<0.01), functional volume was decreased in the diseased liver with portal vein tumor thrombus or portal vein embolization. By applying (4, 5) . However, when liver function of the hemiliver or segment is partially deteriorated because of decreased vascularization or biliary obstruction, these criteria are limited because of increased total bilirubin levels or poor ICG results.
Further, segmental liver volume varies remarkably in some cases (6) . Regardless of PVE, ICG test results are unimproved, even if the embolized hemiliver is remarkably diseased and functional volume is decreased (4) . Thus, the conventional liver test does not reflect the diseased and healthy liver. In patients scheduled for resection, it is necessary to evaluate the remnant healthy liver segments. Liver scintigraphy has been used to evaluate the functional liver reserve, and evaluation of the separated liver area is possible using this method (7) . Liver volume represents another piece of useful information to define operative indications and is usually measured by computed tomography (CT) (4) (5) (6) (8) (9) (10) . In cases of PVE, both the morphological liver volume and functional liver volume may change before and after embolization. Asialoglycoprotein receptors on hepatocytes reflect functional liver cells. (11,12).
Using scintigraphy, functional hepatic volume in the separated lobe of the liver can also be measured by applying single-photon emission computed tomography (SPECT) (11-16). As a result, technetium-99m galactosyl human serum albumin ( 99m Tc-GSA) scintigraphy provides information about both liver function and the volume of the active liver and is useful in selecting the most appropriate hepatectomy.
We have previously reported the clinical significance of measuring the liver uptake of 99m Tc-GSA as a preoperative functional liver reserve test as well as its significance and application (17, 18) . In the case of bile duct carcinoma, evaluation of functional liver volume in the remnant healthy liver was useful (19) , and we hypothesized that functional volume shifts from the injured liver by biliary obstruction or PVE to counterparts much more than morphological liver volume.
In the case of HCC, we also hypothesize that examination of the liver uptake ratio of 99m Tc-GSA or its functional volume is useful to evaluate the separated liver function, which can be used for deciding the extent of hepatectomy. In the present study, we examined the relationship between parameters of 99m Tc-GSA liver scintigraphy and the ICG test, clinicosurgical data, or outcomes in 67 HCC patients for clinical application. Representative cases of HCC, in which measurement of functional liver volume was considered particularly useful in deciding operative indications, are shown.
Materials and methods

Evaluation of liver function for hepatectomy
The Child-Pugh classification was evaluated and only patients with Child-Pugh score A were selected for major hepatectomy. In our hospital, the permitted volume of liver to be resected is determined preoperatively on the basis of ICGR15 using Takasaki's formula (20) . A dose of 0.5 mg ICG/kg body weight was injected intravenously and ICGR15 was measured using a photopiece applied to the fingertip (Sumitomo Electric, Tokyo, Japan) without blood sampling (21) . The estimated resected liver volume, excluding tumor volume, was measured by CT volumetry (4, 5) . Essentially, planned hepatectomy was performed if the permitted resected volume of the liver was greater than the estimated resected volume of the liver. When the permitted resected volume was less than the estimated volume, preoperative PVE was performed according to our criterion (17, 18 Tc-GSA scintigraphy, as well as serum hyaluronic acid level, was also examined preoperatively, along with ICGR15 and other functional liver parameters (21, 22) . LHL15 was calculated from the dynamic image and defined as the ratio of uptake by the liver alone to that of uptake by the liver and heart at 15 min (23) . The regions of interest (ROIs) that surround the liver and the heart were identified on the dynamic planar image. On the basis of previous studies, LHL15 greater than 0.85, serum total bilirubin level lower than 1.5 mg/dl (except in the case of Dubin-Johnson's syndrome (24)), serum hyaluronic acid level lower than 250 ng/ml, and prothrombin activity greater than 70% were indications for major hepatectomy. When no correlation between ICGR15 and LHL15 was observed, preference was given to the results of LHL15, as of 2004 when our strategy for the indication of hepatectomy was established (25) .
Volumetric measurement by CT and 99m Tc-GSA liver scintigraphy Morphological volume was measured using contrast-enhanced CT. For imaging of CT volumetry, serial transverse scans at 0.5-mm thickness with 0.4-mm intervals were taken using a 64-row multidetector CT system (Aquilion 64; Toshiba Medical Systems Co., Tokyo, Japan) and the resulting images were stored. Using workstation software (Ziostation System 1000, version 1.31; Ziosoft Inc., Tokyo, Japan), actual areas without tumors and large vessels in the liver area were traced and measured. Tc-GSA (Nihon Medi-Physics, Nishinomiya, Japan) as a bolus dose through an antecubital vein. Images were obtained using an integrated SPECT/CT system with a large field-of-view gamma camera (Symbia T; Siemens AG, Malvern, Pennsylvania, USA) equipped with a high-resolution, parallel-hole collimator centered on the liver and precordium. Sequential abdominal digital images (128×128 matrix) were acquired using an online nuclear data processor (Symbia T Series Processing Workplace; Siemens Medical Solutions USA Inc., Hoffman Estates, Illinois, USA) at 30 s/frame for the first 20 min after injection. Hepatic SPECT/CT images were acquired after a dynamic study (26, 27) . Each set of projection data was obtained in a 128×128 matrix, and 60 projections (6°/step, 20 s/projection) were acquired. Transaxial SPECT images were reconstructed with 4.8-mm slice thickness. After SPECT image acquisition, CT image acquisition was performed using the same SPECT/CT scanner. Attenuation correction was applied on SPECT images using these CT data. Finally, CT and 99m Tc-GSA SPECT fusion images were obtained and the functional volume in each sector was determined. To determine the surface boundary of regions of interest (ROIs), a cutoff level was set at 26% of the maximum counts of the liver, as the result closest to the actual volume was obtained in a phantom study (not published). The boundary of the ROI between adjacent sectors was determined manually on the basis of simultaneous CT images obtained by the radiologist (coauthor, TK). Hepatic volume was measured in each of the four sectorsthat is, the lateral, median, anterior, and posterior segments (Fig. 1) .
Technique of portal vein embolization and evaluation
The approach to the right portal vein was direct catheterization of percutaneous transhepatic puncture (18, 21) . Substances used for embolization comprised a mixture of 0.6 g of gelatin pieces (Spongel; Astellas Pharma, Tokyo, Japan) and 1 g of 5% ethanolamine oleate iopamidol (Oldamin; Takeda Pharma, Osaka, Japan). Permanent embolization materials were not used. Embolization was completed when the entire right portal vein was completely occluded. Fourteen days after PVE, hepatic volumes of the unembolized liver and embolized liver (liver to be resected) were reassessed by CT volumetry, and liver function was also reassessed by 99m Tc-GSA scintigraphy (18, 21, 28) . Surgical resection of the liver was performed 21 days after PVE.
Statistical analysis
All continuous data are expressed as mean±SD. Differences were examined using one-way analysis of variance and Student's t-test. Correlations between the two parameters were examined by calculating Pearson's correlation coefficient. A two-tailed value of P lower than 0.05 was considered significant. SPSS for Windows version 18.0 (SPSS, an IBM Company, Chicago, Illinois, USA) was used for all statistical analyses.
Results
Patient demographics
The mean patient age was 69±10 years (ranging from 38 to 84 years); there were 51 men and 16 women. The background liver was normal in four patients, whereas fatty liver was observed in one patient, chronic viral hepatitis in 50, and cirrhosis in 12. Thirty-five patients had hepatitis B, 24 had hepatitis C, and three had both. Hepatectomy consisted of partial resection in nine patients, Tc-GSA in the abscess formation of the right lobe of the liver was significantly decreased and that in the remnant liver was high ( There was no significant difference between morphological and functional hepatic volumes (Table 2 ). gradually worsened and hypersplenism due to increased portal hypertension was observed. Eventually, this patient did not undergo right hepatectomy. Table 3 shows the correlation between preoperative hepatic parameters and volumetric changes after PVE. With regard to morphological changes, only the alkaline phosphatase level was significantly correlated with decreases in the function of the embolized right lobe of the liver. However, with regard to functional liver volume, pre-PVE portal pressure and alkaline phosphatase level were significantly correlated with decreased volume of the embolized right lobe of the liver, and LHL15, platelet count, and total cholesterol level were significantly correlated with increased volume of the nonembolized left lobe of the liver (P<0.05).
Decision of operative indication in HCC patients with functionally borderline indication based on 99m
Tc-GSA liver scintigraphy Table 4 shows the results of operative indication for major hepatectomy in patients with poor ICGR15. In four patients with LHL15 less than 0.9, the remnant functional volume was similar to the morphological volume. Major hepatectomy was avoided in all patients. In four patients with LHL15 greater than 0.9, the scheduled hepatectomy was contraindicated because of the results of ICGR15 by considering the morphological volumetry. By measuring functional volume, all four patients underwent scheduled major hepatectomy because the estimated resected volume was within permitted volumes, and postoperative hepatic failure was not observed in all. Histological examination did not show cirrhosis. Figure 7 shows an HCC patient with a dysfunctional right lobe of the liver for whom right hepatectomy was scheduled.
ICGR15 was 27% and permitted volume for resection was 31%. After PVE, morphological volume of the right lobe of the liver was 56%, which was beyond the permitted volume.
However, LHL15 was 0.90 and functional volume of the right lobe of the liver was 31% after PVE, which was in the upper limit of the permitted volume. Right hepatectomy accompanied by Hassab's operation for gastric varices and combined resection of the right adrenal gland for HCC metastasis was performed. No postoperative complications were observed.
Comparison of survival after hepatectomy between the former and the latter period Tc-GSA scintigraphy, both LHL15 (25, 26) and heart activity at 15 min by heart activity at 3 min (HH15) Tc-GSA liver scintigraphy is more reliable for the evaluation of liver function compared with ICG testing in the case of hilar bile duct carcinoma with obstruction and for evaluation after PVE (17) (18) (19) .
To assess the latest treatment strategy for hepatectomy by considering the hepatic functional reserve, we focused on the assessment of 99m
Tc-GSA liver scintigraphy in only HCC patients in the present study. (26, 27) . In the present series, five cases showed a lack of correlation between LHL15 and the conventional ICG test, as in our previous study (17) . In two cases, Tc-GSA liver scintigraphy is useful in cases with discrepant data. In the future, a comprehensive risk score or classification for postoperative morbidity using various hepatic functional parameters is necessary, as indicated in previous reports (32, 33 Tc-GSA uptake, in which functional volume was decreased in comparison with the morphological volume, as in our pilot study (17) (18) (19) 21, 22) . In such cases, the indications for major hepatectomy might be suitable to decide markedly reduced functional volume. Examining Tc-GSA scintigraphy, we speculate that there may be a greater potential for regeneration in the remnant liver after hepatectomy. Further, the safety of major hepatectomy following PVE might be confirmed, as the embolized right lobe of the liver lost much more hepatic function after PVE (27) (28) (29) .
In the present study, we presented a patient who failed to undergo scheduled hepatectomy after PVE because of worsened liver function due to portal hypertension after PVE. In this case, sequential alteration of LHL15 and functional liver volume provided useful information to evaluate the present status of liver function and to decide operative indications.
To our knowledge, reliable prediction of hypertrophy and atrophy by PVE has not been clarified yet. We previously examined the associated parameters of hepatic function to volumetric change by CT and 99m
Tc-GSA liver scintigraphy of embolized and nonembolized liver after PVE (21, 39) . On the basis of these results, changes in functional volume were well correlated with other hepatic functions, and therefore it has been concluded that measuring the functional volume was useful for predicting the effect of PVE. In the present study, we performed a similar examination in HCC patients, and five parameters were significantly correlated with changes in functional volume but not with changes in morphological volume. At this stage, however, a predictive formula could not be established because no significant parameters were detected by multivariate analysis and the number of patients examined was small (data not shown). In the future, it will be necessary to develop a predictive classification.
As described above, we modified our strategy for deciding the operative indication. We examined patient outcomes in the short and long term between the former period and the latter period by applying our modified strategy. As described above, postoperative morbidity and mortality rates were 
Conclusion
We have demonstrated the usefulness of measuring LHL15 and functional volume by Tc-GSA liver scintigraphy as a preoperative functional liver reserve in 67 HCC patients who underwent hepatectomy. LHL15 is useful as an auxiliary test of ICGR15 to decide the extent of hepatectomy.
Further, the functional volume is apparently decreased in the liver of HCC patients with portal vein tumor thrombosis or embolization following PVE compared with that estimated by CT volumetry. To improve HCC patient outcome after hepatectomy in the early and the late period, adequate evaluation of preoperative functional liver reserve using a combination of reliable tests and related treatment criteria is necessary.
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